The formation of either dinuclear double-stranded or pentanuclear circular helicates from a ligand containing two tridentate domains separated by a phenylene unit can be controlled by inter-ligand steric interactions which themselves are governed by the size of the metal ion.
Controlling the structure of multi-component assemblies is one of the leading challenges for the supramolecular chemist. One of the simplest assemblies is the dinuclear doublestranded helicate, and the rules that govern the formation of this species are largely established. [1] [2] [3] [4] [5] [6] [7] The formation of the helicates' higher nuclearity cousin, the cyclic helicate, is conversely less well understood. One of the major problems in the formation of these higher nuclearity assemblies is that the design principles that apply to helicate formation, i.e. using a ligand that contains two binding domains that coordinate different metal ions, equally apply to the formation of cyclic helicates. For the larger cyclic species to preside in solution, the formation of the entropically favoured dimer has to be prevented and this can be achieved by intermolecular interactions (e.g. templation by anions) 8 or by intramolecular interactions which stabilise the formation of the cyclic species relative to its double-stranded alternative. As an example of the first of these approaches, in the work carried out by Ward et al., a ligand with two bidentate domains separated by a 1,8-naphthalenediyl spacer was reported to form a simple mononuclear species with Cu(CF 3 SO 3 ), but in the presence of tetrafluoroborate, a tetranuclear cyclic helicate [Cu 4 L 4 ] 4+ was observed. 9 Hannon et al., on the other hand, demonstrated that a metal ion's preference for different coordination geometries could affect the self-assembly outcome. In this case a bis-bidentate ligand containing a 1,3-bis(aminomethyl)phenyl spacer formed linear dimers with tetrahedral metal ions and trinuclear circular helicates with octahedral metal ions. 10 Other reports have cited inter-strand CHÁ Á Áp interactions as the principal driving force for the preferential formation of high complexity cyclic assemblies over their dimeric counterparts. 11 There are also examples of intermediate systems where the self-assembly of ligands and metal ions results in a dynamic combinatorial library where a number of oligomers are formed in solution
n+ where x = 2, 3, 4, 5, etc.
12
In this communication we describe how the formation of either dinuclear double-stranded or pentanuclear circular helicates can be controlled by inter-ligand steric interactions which, in turn, are governed by the size of the metal ion. This approach allows for the specific formation of either of the two structures and gives valuable insight into some of the factors which control the formation of cyclic helicates.
The ligand L 1 , which was prepared by the reaction of 2,2 0 -bipyridine-6-thioamide with 1,3-di(a-bromoacetyl)benzene, contains two tridentate binding domains separated by a phenylene ring (Fig. 1) 4 was confirmed by a single crystal X-ray diffraction study (Fig. 2) .z In the solid-state the ligand partitions into two tridentate domains, each comprising a thiazole-pyridyl-pyridyl 10 ( Fig. 3a and b) (Fig. 4) . For both species, protons on the tridentate chelate units appear between 7.0 and 8.4 ppm, consistent with the aromatic heterocycles on L 1 being coordinated to one of the two metal ions. For the pentanuclear species, however, the three protons on the bridging phenylene unit resonate at much lower frequency 10+ are thus more exposed to the shielding ring currents produced by the aromatic heterocycles on the two overlapping ligand strands, and hence the unusually low field chemical shifts. respectively. Conversion of these values into meaningful hydrodynamic radii is not trivial since microfrictional and shape effects can profoundly influence the apparent relationship between diffusion constant and molecular size. 13 The significantly lower value obtained for [Zn 5 
10+ is nonetheless consistent with it being the larger of the two diffusing species in solution. It is worth noting that the dicadmium(II) helicate was obtained as the perchlorate salt whereas single crystals of the pentanuclear structure were only successfully obtained in the presence of the triflate anion. Indeed, in the latter structure, a disordered triflate anion resides within the central cavity of the circular complex cation. To investigate the potential role of counter anion in the two self-assembly reactions, therefore, solutions (CD 3 NO 2 ) containing the two respective assemblies were monitored by 1 H NMR as increasing amounts of the other's anion were added (as the tetrabutylammonium salts). Even in the presence of 20 eq. of the corresponding anion, however, no changes were observed in either case and so the latter's influence in directing the assembly is clearly minimal.
An alternative explanation for why L 1 gives such markedly different structures with the two spherical d 10 cations therefore requires consideration of the potential steric interactions occurring between the protons on the central phenylene units in the two respective structures. Although these units function well in partitioning the ligands into two tridentate domainsthus preventing the undesired mononuclear species-the formation of the dinuclear helicate structure brings them into relatively close proximity with one another (see Fig. 2 ). Indeed, the inter-strand C 1 Á Á ÁC 10 distance between these two rings is ca.
, and examination of the van der Waals radii reveals marginal surplus space between these inward facing H 1 protons. Six coordinate zinc(II) is, needless to say, smaller than cadmium(II) (0.75 vs. 0.95 Å respectively). Due to correspondingly shorter Zn-N bonds, therefore, it is likely that any steric and/or electrostatic repulsion between these protons would be significantly emphasized in an isostructural dizinc(II) helicate. The latter presumably being destabilized in this manner results in the formation of an alternative species which does not require that the two phenylene rings reside in such close proximity. In this case, the alternative is the observed pentanuclear cyclic helicate, whose apparent high relative stability ensures its quantitative formation and retention in the gas-, solution-and solid-states.
These results demonstrate how subtle changes in the metal/ ligand bond distances can influence inter-ligand steric interactions and have a pronounced effect on the outcome of a self-assembly reaction. . CCDC 748336. Scattering contributions from diffuse solvent were removed using the Squeeze routing in Platon.
Notes and references
14 Crystals of both complexes grew as stacked platelets and the diffraction data were always to some extent contaminated with reflections from crystal sub-domains. The present data sets were the best of numerous trials, but the consequences of reflection overlap, in particular at low angle, can still be seen in the relatively high residuals, unusual weighting coefficients and the presence of some large (up to 3.6 eÅ À3 ) residual electron density peaks in chemically unfeasible positions. Despite these problems, the quality of the data is largely sufficient to unambiguously determine atomic connectivity in the complex cations.
